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Abstract:

The flexibility of post-fault control in multiphase machine systems stems from their multiple degrees of
freedom. A post-fault loss-minimization method is proposed and investigated in this paper, in which

both the machine copper and iron losses are considered during the derivation of post-fault
remediation methods. Therefore, machine efficiency during post-fault operation can be further
improved compared to the conventional stator-ohmic-loss-minimization approach. In addition, the
combination of three key factors/constraints that can influence the post-fault control strategy of a sixphase permanent magnet (PM) machine has been investigated. By comparing four selected
remediation methods based on three constraints, the pros and cons of those methods as well as the
influence of the constraints are discussed.

SECTION I. Introduction

The fast growth of multiphase permanent-magnet (PM) machines and drives has been observed in
various applications like ship propulsion, electric/hybrid-electric vehicles, electrified aircraft, etc. [1].
The key advantages of multiphase machine systems include the following,
•

Low-voltage high-power design: by having higher number of phases, the power rating for each
individual phase gradually goes down. This addresses the voltage limit issues in many highpower systems like ship propulsion and offshore wind generators;

•

Fault-tolerant capability: more design degrees of freedom enable uninterrupted operation
following faults and flexible post-fault control strategies. This is of paramount significance for
safety-critical applications like aerospace;

•

Flexibility of system design and control: This includes, for example, integrated sensorless
control, integrated onboard battery chargers, cascaded DC bus to unitize elevated voltage, etc.

A variety of post-fault remediation methods for winding open faults have been investigated. Although
in many cases, those approaches are proposed to deal with open circuit faults, they can be easily
extended for winding short circuit faults as well.
Two of the well-known post-fault control strategies are based on (i) constant torque-producing
magnetomotive force (MMF) [2]; (ii) instantaneous power balance theory, in which the
electromagnetic power becomes the target of post-fault control [3]. In terms of the degrees of
freedom in current regulation of multiphase machines, many of the control factors have been
discussed in conjunction with those approaches. These include shapes of winding back electromotive
force (EMF) (quasi-sinusoidal or trapezoid waveform), pattern of winding connection/drive topologies
(with or without neutral point constraint), fault location, stator ohmic loss minimization, torque ripple
minimization, etc. By taking into account one or more of those factors, the optimum remediation
methods can be derived [4]. However, a comprehensive discussion of the combination of different key
factors is still missing in literature. Also, the comparison between different remediation methods has
not been explored yet. In addition, the loss minimization method used in existing post-fault control
strategies only considers stator copper losses. However, the machine efficiency is mainly determined
by iron and copper losses (other losses are not associated with winding excitations). Also, whether
constant torque-producing MMF or instantaneous power balance theory ignore the fact that
unbalanced current amplitude changes the maximum thermal capability required and the required
higher current rating of power electronics in some cases.

Other than the fundamental component, harmonic MMF components have been taken into account as
well. In case of winding one-phase and two-phase open-circuit faults, the third harmonic injection has
been used to eliminate the second and fourth harmonics of electromagnetic torque in a five-phase
fractional-slot concentrated-winding (FSCW) PM machine [5]. The importance of considering the third
harmonic back EMF has been verified for winding short-circuit current prediction, torque pulsation and
post-fault control strategy as well [6].
The objective of this paper is to further explore the flexibility of post-fault operation under winding
open-circuit fault and compare machine performance under different remediation methods. A sixphase FSCW-PM machine has been used as an example to examine and compare the investigated
remediation methods. The paper is arranged as follows: Section II covers the stator iron loss calculation
in case of open circuit faults and a loss minimization approach considering both machine copper and
iron losses; Section III discusses the key constraints and factors for post-fault remediation method as
well as four selected approaches; Conclusions are drawn in Section IV.

SECTION II. Modeling of Iron Loss Under Faulty Modes
A. Modeling of iron losses in case of open circuit fault

Prediction of machine iron losses has been demonstrated for three-phase AC machines during normal
operation [7], [8]. This section will extend the method for predicting iron losses under faulty
conditions. A multiphase single-layer FSCW-SPM machine is used for this analysis, which features
negligibly small mutual coupling between phase windings. Iron losses can be an issue for FSCW-SPM
machines, since the number of poles is generally high which results in high electrical frequencies.
Assume that Phase F is open-circuited, the target of any post-fault control strategies is to achieve
constant d-, q- components, so that the torque ripple can be minimized. d- and q-axis current can be
obtained by Park and Clark transformations from "abcde" reference frame to " 𝑑𝑑𝑑𝑑𝑧𝑧1𝑍𝑍2𝑍𝑍3 " reference
frame,
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transformation matrixes for single-phase open fault are given by,
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(based on power invariance method [9])
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Since the "𝑧𝑧1𝑍𝑍2𝑍𝑍3 " plane presents non-torque-producing components, "𝑧𝑧1𝑍𝑍2𝑍𝑍3 " components are usually
minimized during post-fault control. In this regard, iron losses are mainly produced by d- and q-axis
components.
Flux linkage and flux are given by,
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where 𝜓𝜓𝑑𝑑,𝑞𝑞 are d- and q-axis flux linkages; 𝜓𝜓𝑝𝑝𝑝𝑝 is PM flux linkage; 𝐿𝐿𝑑𝑑,𝑞𝑞 are d- and q-axis
inductances; 𝑁𝑁𝑆𝑆 denotes number of series turns per phase; 𝑘𝑘𝑑𝑑𝑑𝑑1 is the winding factor for fundamental
(synchronous) MMF component.
Amplitude of flux density in stator teeth and stator yoke can be obtained by,

(6)

⎧𝐵𝐵𝑡𝑡𝑡𝑡,𝑞𝑞 = 2𝑝𝑝Φ𝑑𝑑,𝑞𝑞
⎪
𝛼𝛼𝑙𝑙 𝑆𝑆𝑡𝑡 𝑄𝑄
Φ𝑑𝑑,𝑞𝑞
⎨ 𝐵𝐵
=
⎪ 𝑠𝑠𝑠𝑠,𝑞𝑞
2𝑆𝑆𝑦𝑦
⎩

where 𝑝𝑝 is number of pole pairs; Φ𝑑𝑑,𝑞𝑞 are d- and q- axis flux; 𝑆𝑆𝑡𝑡 , 𝑆𝑆𝑦𝑦 are cross-section area of stator
teeth and stator yoke, respectively; 𝑄𝑄 denotes number of stator slots; 𝛼𝛼𝑖𝑖 = 𝑊𝑊𝑡𝑡 /(𝑊𝑊𝑡𝑡 + 𝑊𝑊𝑠𝑠 )
where 𝑊𝑊𝑡𝑡 and 𝑊𝑊𝑠𝑠 are tooth and slot width, respectively; 𝐵𝐵𝐵𝐵𝐵𝐵, 𝑞𝑞, 𝐵𝐵𝑠𝑠𝑠𝑠 , 𝑞𝑞, are the amplitude of flux
density in the stator teeth and yoke, respectively.

The decoupled transformation used for symmetrical six-phase machine can be found in [10]. It can be
extended to asymmetrical six-phase machine under open-circuit fault (two 3-phase sets shifted by 30
degree), which is discussed in this paper. It should be noted that cross-coupling is ignored. By using the
Bertotti iron loss formula [11], the iron losses, which include eddy current losses, hysteresis losses and
excess loss, can be predicted as follows,
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⎩
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where 𝑘𝑘ℎ , 𝑘𝑘𝑒𝑒 , 𝑘𝑘𝑑𝑑 are hysteresis loss coefficient, excess loss coefficient, and lamination thickness,
respectively; 𝜎𝜎 is the conductivity of the lamination steel sheet; 𝑓𝑓 = 𝑛𝑛𝑛𝑛/60 is electrical
frequency; 𝑉𝑉𝑡𝑡 , 𝑉𝑉𝑦𝑦 are the volume of lamination steel for stator teeth and stator yoke, respectively; ℎ𝑡𝑡 is
the height of stator teeth; 𝐷𝐷𝑠𝑠𝑠𝑠 is stator outer diameter.
Therefore, the total stator iron losses are:

(9)

𝑃𝑃𝐹𝐹𝐹𝐹 = 𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹 + 𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹

where 𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹 and 𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹 represent iron losses in stator teeth and yoke respectively.

B. Implementation of iron loss calculation

The key dimensions and parameters of the machine design used for iron loss estimation are
summarized in Table I while a sketch of the machine cross section is shown in Fig. 1.
TABLE I Summary of Key Dimensions and Parameters of the Six-Phase Machine Design
Dimensions/Parameters
Spinning speed [r/min]
Stack length [mm]
Series turns per phase
𝑆𝑆𝑡𝑡 (section area of stator teeth) [mm2]
𝑆𝑆𝑦𝑦 (section area of stator yoke) [mm2]
𝑊𝑊𝑡𝑡 (width of stator teeth) [m]
𝑊𝑊𝑠𝑠 (width of stator slot) [m]
ℎ𝑡𝑡 (height of stator teeth) [mm]
ℎ 𝑦𝑦 (height of stator yoke) [mm]
𝐷𝐷𝑠𝑠𝑠𝑠 (stator outer diameter) [m]
𝑉𝑉𝑡𝑡 (stator teeth volume) [m3]

Value
450 (corner); 1200 (max.)
101
144
1961.7
1211.9
18
14.4
32.5
12
325
1.53e-3

𝑉𝑉𝑦𝑦 (stator yoke volume) [m3]
𝜎𝜎 (conductivity of silicon steel sheet) [s/m]
𝑘𝑘ℎ (hysteresis loss coefficient)
𝑘𝑘𝑒𝑒 (excess loss coefficient)
𝑘𝑘𝑑𝑑 (lamination thickness) [mm]

1.19e-3
1694915
179
3.09
0.5

Fig. 1. 24-slot, 22-pole six-phase single-layer FSCW-PM machine (1/2 model)
The stator iron losses can be included in the objective function for loss minimization during post-fault
operation. Taking the remediation method based on decoupled vector control as an example, the
objective function can be modified as follows,

(10)

𝑓𝑓�𝑖𝑖𝑑𝑑 , 𝑖𝑖𝑞𝑞 , 𝜆𝜆� = 𝑅𝑅𝑆𝑆 �𝑖𝑖𝑑𝑑2 + 𝑖𝑖𝑞𝑞2 � + 𝑃𝑃𝐹𝐹𝐹𝐹 �𝑖𝑖𝑑𝑑 , 𝑖𝑖𝑞𝑞 , 𝑓𝑓� +
𝜆𝜆�𝑇𝑇 ∗ − 𝜓𝜓𝑑𝑑 �𝑖𝑖𝑑𝑑 , 𝑖𝑖𝑞𝑞 � ∗ 𝑖𝑖𝑞𝑞 + 𝜓𝜓𝑞𝑞 �𝑖𝑖𝑑𝑑 , 𝑖𝑖𝑞𝑞 � ∗ 𝑖𝑖𝑑𝑑 �

where 𝑅𝑅𝑆𝑆 is the stator resistance; 𝑇𝑇 ∗ is the torque command; 𝜆𝜆 is the Lagrange operator.

In order to improve the accuracy, the d- and q-axis flux linkages are calculated by finite element (FE)
method, as shown in Figs. 2 (a) and (b).
Combining Eqs. (6) and (7) as well as the parameters/ dimensions provided in Table I, the stator iron
losses can be calculated, as illustrated in Fig. 3. As can be seen in Fig. 3, by injecting negative d-axis
current, the stator iron losses can be reduced. It should be noted that the method shown in Eqs.
(1)~(6) is based on the calculation of average flux density, which is not able to capture the flux density
distribution around tooth pole shoe. The iron losses can be calculated by FEA as well for better
accuracy. However, the material properties can be affected/ changed during steel lamination
processing (punch, cut, assemble, etc.). The loss coefficients used in iron loss estimation should be
adjusted based on empirical methods. The calculated losses are magnified by 1.5 times to offset this
well-known effect. Surface fitting is used to obtain the functions 𝑃𝑃𝐹𝐹𝐹𝐹 (𝑖𝑖𝑑𝑑 , 𝑖𝑖𝑞𝑞 ), 𝜓𝜓𝑑𝑑 (𝑖𝑖𝑑𝑑 , 𝑖𝑖𝑞𝑞 ),
and 𝜓𝜓𝑑𝑑 (𝑖𝑖𝑑𝑑 , 𝑖𝑖𝑞𝑞 ), so that the relevance can be used in post-fault control.

Fig. 2. Flux linkage as a function of d- and q- axis current (d-/q- axis current: 0~25A, step: 2.5 A)

Fig. 3. Stator iron losses as a function of 𝑖𝑖𝑑𝑑 and 𝑖𝑖𝑞𝑞 (at 450 r/min, d-/q- axis current: 0~25A, step: 2.5 A)

C. Maximum efficiency contrl under partial load

At low-speed/high-torque region where copper losses are dominant, iron losses represent a relatively
minor issue. However, at high-speed/partial-load region, iron losses can be significant. Table II shows
the machine losses as well as efficiency values as a function of d- and q- axes current (q-axis current is
adjusted to maintain the same electromagnetic torque) at 20% load (42.5 Nm). As can be seen in Table
II, the maximum efficiency (91.7%) peaks at 𝑖𝑖 = 14.21 A, 𝛾𝛾 = 59.05° with the improved control
method while the efficiency equals 90.3% with the conventional stator ohmic loss minimization
control. This clearly implies that taking iron losses into consideration can improve machine efficiency
under post-fault control.
TABLE II Machine Efficiency Calculation based on FEA (Torque command: 42.5 Nm (20% load), Speed:
450 r/min)
Post-Fault Ctrl
Excitation
Losses
Effi.
Stator iron Copper Rotor
Minimum 𝑷𝑷𝑭𝑭𝑭𝑭 & 𝑷𝑷𝑪𝑪𝑪𝑪 Ctrl 𝑖𝑖 = 14.21 A 80.2W
62.4W 22.5W 91.7%
𝛾𝛾 = 59.05°
Minimum 𝑷𝑷𝑪𝑪𝑪𝑪 Ctrl
𝑖𝑖 = 7.34 A 156.9W
16.6W 20.5W 90.3%
𝛾𝛾 = 0°
Note: while adjusting 𝑖𝑖𝑑𝑑 and 𝑖𝑖𝑞𝑞 , 𝑖𝑖𝑧𝑧1 , 𝑖𝑖𝑧𝑧2 and 𝑖𝑖𝑧𝑧3 are set to be zero.

SECTION III. Flexibility of Remediation Methods

In this section, the flexibility of post-fault remediation will be discussed based on possible
combinations of three key factors /constraints. Four specific methods are selected for a detailed
investigation, highlighting the influence of these constraints.

A. Key factors and constraints for post-fault control

Three key factors/constrains are selected and discussed as follows:
•

Neutral point constraint: this refers to the constraint of the sum of all phase currents, which is
determined by winding connections and inverter topologies. If star-connected winding and halfbridge voltage source converter (VSI) are adopted, the sum of all phase currents is supposed to
be zero. However, this constraint can be removed through the use of open winding and fullbridge VSI (or other inverter topologies that can provide access to the neutral point, like mphase (m+1)-leg VSI, polygonal winding connection, etc);

•

Current waveform (sinusoidal or non-sinusoidal): This refers to whether high-order harmonics
can be injected into the winding currents. Compared to sinusoidal current waveform, nonsinusoidal current waveform generally means more harmonic components and relatively high
di/dt. For a fixed pulse width modulation (PWM) switching frequency as well as DC bus voltage,
high di/dt value brings challenges for the implementation of current regulation especially in the
high-speed region;

•

Machine Loss Minimization: This refers to minimization of machine copper and iron losses
mentioned in Section II. Loss minimization is critical for improving machine efficiency during
post-fault operation, which can determine the range of battery EV following a winding failure,

as an example. As for post-fault loss minimization, existing literature focuses on stator copper
loss minimization while iron losses will be included as well in this paper.
Other than the three key factors, the maximum winding current is kept the same as rated pre-fault
operation. This is because the increase of winding current amplitude will result in (i) higher current
rating of power switches (usually means higher system cost), and (ii) increased thermal load (especially
for FSCW machine which has features of modular design and isolation between phases). For example,
in case of a two-phase open circuit failure, post-fault operation of a six-phase PM machine requires
3.46 p. u. current rating of the power switches (obtained by a method proposed in [12]). In this regard,
retaining the same current amplitude for both pre- and post-fault operations is sensible for many
applications. This will enable a down-rating and stable operation of a vehicle until maintenance is
available.

B. Post-fault remediation methods

Based on the combination of the three key factors / constrains discussed in Section III A, four post-fault
control strategies are selected for further discussions, as shown in Table III. Taking Phase-F open circuit
as an example, the detailed derivation of the four post-fault remediation methods is introduced as
follows. Note that the peak value of phase current is limited to 10 Apk.
TABLE III Definition of Four Post-Fault Control Strategies
Remediation
Neutral
Sinusoidal/Non- Sinusoidal
Method
Point
Current
Constraint
#1
Sinusoidal current
� 𝑖𝑖 = 0
#2
#3
#4

𝑗𝑗

� 𝑖𝑖𝑗𝑗 ≠ 0
� 𝑖𝑖𝑗𝑗 ≠ 0
� 𝑖𝑖𝑗𝑗 ≠ 0

Sinusoidal current
Non-Sinusoidal
current
Sinusoidal current

Machine Loss
Minimization
Not
considered
Not
considered
Considered
Considered

Note: all methods maintain the same maximum value of phase winding current.
1) Remediation Method #1:
Since neutral point constraint is applied, the sum of all currents is set to be zero while the currents in
the remaining five phases have the same amplitudes:

�

𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒

(11)(12)

𝑖𝑖𝑗𝑗 = 0

𝑖𝑖𝑗𝑗 = 𝐼𝐼𝑚𝑚 cos(𝜔𝜔𝜔𝜔 + 𝜃𝜃𝑛𝑛 )
= 𝑥𝑥𝑛𝑛 cos(𝜔𝜔𝜔𝜔) + 𝑦𝑦𝑛𝑛 sin(𝜔𝜔𝜔𝜔)

where 𝑥𝑥𝑛𝑛 = 𝐼𝐼𝑚𝑚 cos(𝜃𝜃𝑛𝑛 ) ; 𝑦𝑦𝑛𝑛 = −𝐼𝐼𝑚𝑚 sin(𝜃𝜃𝑛𝑛 ) ; 𝑛𝑛 = 𝑎𝑎, 𝑏𝑏, 𝑐𝑐, 𝑑𝑑, 𝑒𝑒.

The pre-fault synthetized stator MMF (6 phases) is,

(13)

𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 3𝑁𝑁𝐼𝐼𝑚𝑚 cos (𝜔𝜔𝜔𝜔)cos 𝜃𝜃 − 3𝑁𝑁𝐼𝐼𝑚𝑚 sin (𝜔𝜔𝜔𝜔)sin 𝜃𝜃

The post-fault MMF should be equal to the pre-fault MMF,

⎧ � 𝑁𝑁𝑖𝑖𝑗𝑗 cos (𝜃𝜃𝑗𝑗 ) = −3𝑁𝑁𝐼𝐼𝑚𝑚 sin 𝜃𝜃
⎪𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒
⎨
⎪
⎩

(14)

�

𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒

𝑁𝑁𝑖𝑖𝑗𝑗 sin (𝜃𝜃𝑗𝑗 ) = 3𝑁𝑁𝐼𝐼𝑚𝑚 cos 𝜃𝜃

where 𝜃𝜃𝑎𝑎 = 0; 𝜃𝜃𝑏𝑏 = −𝜋𝜋/6; 𝜃𝜃𝑐𝑐 = −𝜋𝜋/2; 𝜃𝜃𝑑𝑑 = −2𝜋𝜋/3; 𝜃𝜃𝑒𝑒 = −5𝜋𝜋/6.

By adopting Lagrange method, the minimum current required for satisfying the conditions given
by Eqs. (11), (12) and (14) can be obtained. The objective function is given by,

�

𝐿𝐿 = 𝜆𝜆1 �

𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒

(15)

+𝜆𝜆3 �

�

𝑖𝑖𝑗𝑗 � + 𝜆𝜆2 �

𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒

�

𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒

𝑖𝑖𝑗𝑗 cos�𝜃𝜃𝑗𝑗 � + 3𝐼𝐼𝑚𝑚 sin 𝜃𝜃�

𝑖𝑖𝑗𝑗 sin�𝜃𝜃𝑗𝑗 � − 3𝐼𝐼𝑚𝑚 cos 𝜃𝜃� + (𝑥𝑥𝑛𝑛2 + 𝑦𝑦𝑛𝑛2 )

where 𝜆𝜆1 , 𝜆𝜆2 , and 𝜆𝜆3 are Lagrange operators. This method is generally used in a six-phase PM machine
fed by a half-bridge inverter.

2) Remediation Method #2:
This method will make the minimum adjustment of winding excitation in the remaining healthy phases.
This means that, in case of Phase F open circuit, the currents in Phases A, C and E will remain
unchanged while the current in Phases B and D will be adjusted to form a constant rotating MMF. The
current in the remaining five phases are (assume that the axis of Phase A aligns with q-axis when t = 0),

𝑖𝑖𝑎𝑎 = 𝐼𝐼𝑚𝑚 cos (𝜔𝜔𝜔𝜔)
⎧𝑖𝑖 = 𝐼𝐼 cos (𝜔𝜔𝜔𝜔 − 𝜋𝜋/3)(𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝜋𝜋/6)
𝑚𝑚
⎪ 𝑏𝑏
𝑖𝑖𝑐𝑐 = 𝐼𝐼𝑚𝑚 cos (𝜔𝜔𝜔𝜔 − 2𝜋𝜋/3)
⎨ 𝑖𝑖 = 𝐼𝐼 cos (𝜔𝜔𝜔𝜔 − 2𝜋𝜋/3)(𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖/6)
𝑚𝑚
⎪ 𝑑𝑑
𝑖𝑖𝑒𝑒 = 𝐼𝐼𝑚𝑚 cos (𝜔𝜔𝜔𝜔 + 2𝜋𝜋/3)
⎩

(16)
Obviously, the zero-sequence current is not zero in this case.
3) Remediation Method #3:
Based on instantaneous power balance theory, mechanical power equals electrical power at any time
instance,

𝑇𝑇𝑇𝑇 = 𝑚𝑚𝐸𝐸 𝑇𝑇 𝐼𝐼

(17)

where 𝑇𝑇 denotes electromagnetic torque, 𝜔𝜔 is angular speed; 𝑚𝑚 = 5 is the number of remaining
phases; 𝐸𝐸 and 𝐼𝐼 are winding back EMF and current vector, respectively.
Both copper and iron losses can be written as a function of stator current,

(18)
where 𝑅𝑅𝑆𝑆 is winding resistance.

𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑅𝑅𝑆𝑆 𝐼𝐼𝑇𝑇 𝐼𝐼 + 𝑃𝑃𝐹𝐹𝐹𝐹 (𝐼𝐼)

The Lagrange objective function is given by,

(19)

𝐿𝐿 = 𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝐼𝐼) + 𝜆𝜆(𝑇𝑇𝑇𝑇 −

�

𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒

𝑒𝑒𝑗𝑗 𝑖𝑖𝑗𝑗 )

where 𝜆𝜆 is Lagrange operator.

By solving the Lagrange equation, the expression of each phase current can be obtained. Finally, if the
peak current value is higher than the rated current value, all current values will be scaled down linearly
to maintain 1.0 per unit maximum phase current, i. e. Max 𝐼𝐼𝑗𝑗 = 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 .

4) Remediation Method #4:
The remaining five phases produce the same synthetized stator 𝛼𝛼 − and 𝛽𝛽 −axis currents as the prefault condition,

⎧𝑖𝑖𝛼𝛼 : � 𝑖𝑖𝑗𝑗 cos (𝜃𝜃𝑗𝑗 ) = −3𝐼𝐼𝑚𝑚 sin 𝜃𝜃
⎪ 𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒
(20)

⎨ 𝑖𝑖𝛽𝛽 : � 𝑖𝑖𝑗𝑗 sin (𝜃𝜃𝑗𝑗 ) = 3𝐼𝐼𝑚𝑚 cos 𝜃𝜃
⎪
⎩
𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒

where 𝜃𝜃𝑎𝑎 = 0; 𝜃𝜃𝑏𝑏 = −𝜋𝜋/6; 𝜃𝜃𝑐𝑐 = −𝜋𝜋/2; 𝜃𝜃𝑑𝑑 = −2𝜋𝜋/3; 𝜃𝜃𝑒𝑒 = −5𝜋𝜋/6. 𝜃𝜃 is electrical angle (daxis: 𝜃𝜃 = 0; q-axis: 𝜃𝜃 = 𝜋𝜋/2).
The objective function is given by,

𝐿𝐿 = 𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝐼𝐼) + 𝜆𝜆1 �

�

𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒

(21)

+𝜆𝜆2 �

�

𝑗𝑗=𝑎𝑎,𝑏𝑏,𝑐𝑐,𝑑𝑑,𝑒𝑒

𝑖𝑖𝑗𝑗 cos�𝜃𝜃𝑗𝑗 � + 3𝐼𝐼𝑚𝑚 sin 𝜃𝜃 �

𝑖𝑖𝑗𝑗 sin�𝜃𝜃𝑗𝑗 � − 3𝐼𝐼𝑚𝑚 cos 𝜃𝜃 �

where 𝜆𝜆1 and 𝜆𝜆2 are Lagrange operators. Again, if the peak current value is higher than the rated
current value, all current values will be scaled down linearly to maintain 1.0 per unit maximum phase
current.

C. Experimental results and discussions

Fig. 4 shows the test setup. The machine is fed by a full-bridge inverter comprises 24 IGBTs. In order to
capture the dynamic torque, the machine is running at a relatively low speed – 150 r/min. The peak
phase current amplitude is 10 Apk for each test.

Fig. 4. Experimental setup

Fig. 5. Current waveforms of four remediation methods (F-phase open circuit) @ 150 r/min.

Fig. 6. Torque behavior for four remediation methods
Fig. 5 shows the current waveforms for the four remediation methods in case of Phase F open circuit
while Fig. 6 shows the measured torque curves for both single- and two-phase open-circuit faults.
Average torque as well as torque ripple are summarized in Tables IV and V, including the results for
both single-phase and two-phase open-circuit faults. Key insights are summarized as follows,
•

Electromagnetic torque reaches its maximum when the phase angles of winding current and
back EMF are aligned. By adopting any fault remediation methods, the average torque is lower
than faulty modes when winding current excitations in the remaining healthy phases are the
same as pre-fault condition. The major benefit of post-fault control is lower torque ripple;

•

Neutral point constraint (used in RM #1) generally results in higher torque ripple during postfault operation of all faults investigated here. However, it doesn’t necessarily mean lower
torque performance. For some specific cases (like Phase EF open circuit), the torque capability
can be fairly low (31.7 Nm) compared to other methods;

•

RM #2 (the same current amplitude in all phases without neutral point constraint) shows the
maximum torque capability. However, the torque per ampere and machine efficiency are low.
RM #3 and RM #4 show comparable high efficiency (~93%) due to loss minimization;

•

Since the tests are implemented at low speed and median torque, where copper losses
dominate, it doesn’t make a clear difference between copper loss minimization and the
proposed comprehensive loss minimization.

TABLE IV Average Torque with Different Remediation Strategies (Current amplitude: 10A, average
torque in case of normal operation (six-phase operation): 110.7N•m)
Opened phases F
EF
AF
DF
CF
Faulty modes
92.9 73.5 73.5 73.5 73.5
RM #1
75.9 31.7 63.3 63.2 61.3
RM #2
86.5 63.4 -68.4 63.4
RM #3
78.9 53.7 -55.2 53.8
RM #4
79.0 54.4 -55.0 54.9
Note: angle between Phases A and F is 90 deg. For open-winding/full-bridge topology (used in RM
#2~#4), post-fault control is not required.

TABLE V Torque Ripple with Different Remediation Strategies (Unit: %; Normal: ΔT/Tav=4.1%)
Opened phases F
EF
AF DF
CF
Faulty modes
19.7 22.4 5.0 17.0 21.1
RM #1
12.1 20.1 8.5 40.1 39.3
RM #2
6.8 16.1 -12.1 18.1
RM #3
10.9 15.2 -13.7 15.0
RM #4
11.7 16.4 -12.2 18.1
In order to better understand the differences between the four remediation methods, current
excitations are transferred into " 𝑑𝑑𝑑𝑑𝑧𝑧1𝑍𝑍2𝑍𝑍3 " plane through Eqs. (2) and (3), as shown in Fig. 7. The ideal
excitations derived in Section III B are used instead of the testing results.
Key insights from Fig. 7 include the following:
•

Although the average value of d-axis current is almost zero, there are dynamic d-axis current
fluctuations from 1.5 A to -1.5 A for all the four remediation methods;

•

The q-axis current trajectories of the four methods are ellipses rather than perfect circles. The
minor axes are all aligned with the axis of Phase F. The area of the current ellipses represents
the torque-producing capabilities. Under the 1.0 per unit current constraint, RM #2 produces
the maximum torque while RM #1 gives the minimum torque;

•

The reason why d- and q-axis current values are not constant is that all remediation methods
are based on a perspective of a pre-fault six-phase system rather than a five-phase unbalanced
system;

•

As can be seen from Figs. 7 (c)~(e), for RM #3 and RM #4 zero-sequence currents are always
with zero values. However, for RM #1 and RM #2, there are significant zero-sequence currents
which don’t produce any torque but generate more losses.

Fig. 7. d-q-z1-z2-z3 currents in polar coordinate plane for remediation methods #1~#4 in case of phase
F open circuit (the current references are used instead of the measured currents)

SECTION IV. Conclusions

This paper investigates maximum efficiency control following winding open circuit faults. The iron
losses estimation is based on numerical analysis of flux linage and closed-form calculation of iron
losses. The results show that the efficiency can be boosted compared to the existing post-fault control
in which only the stator ohmic losses are considered for loss minimization.
Three key factors/constraints have been discussed defining the post-fault control. Four post-fault
control strategies have been compared in terms of machine key performance parameters including
average torque, torque ripple and efficiency. It has been found that under 1.0 per unit current
constraint, Remediation Method #2 can produce the maximum torque while Remediation Method #3
and #4 generate the minimum losses and preserve energy. The results of Remediation Method #1
show that the neutral point constraint limit the torque-producing capability and machine efficiency,
but minimum switch counts are required for post-fault control. The flexibility of post-fault control in
the six-phase PM machine can be leveraged for different operating points where either high output
torque or high efficiency are required.
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